We introduce a filter using a noise-free quantum buffer with large optical bandwidth that can both filter temporal-spectral modes, as well as inter-convert them and change their frequency. We show that such quantum buffers optimally filter out temporal-spectral noise; producing identical single-photons from many distinguishable noisy single-photon sources with the minimum required reduction in brightness. We then experimentally demonstrate a noise-free quantum buffer in a warm atomic system that is well matched to quantum dots and can outperform all intensity (incoherent) filtering schemes for increasing indistinguishability.
Single photons are required for many quantum technologies, for example, quantum communication [1] , quantum metrology [2] , optical quantum computating [3] , and quantum networks [4] . There are three key metrics to characterise single-photon sources: 1) single-photon purity, characterized by the second-order intensity autocorrelation function g (2) (τ = 0), where τ is the time delay between two arms of an Hanbury Brown-Twiss interferometer; 2) brightness (B), which is the probability of having one photon per trial, defined at or after collection optics; 3) indistinguishability. In this paper, we define two kinds of indistinguishablity: a) self-indistinguishalibity I (1) , describing the Hong-Ou-Mandel (HOM) dip visibility of photons coming from the same photon source generated at different times; b) inter-indistinguishability I (2) , refering to the HOM dip visibility of photons from different sources. I (1) and I (2) are determined by the overlap of photon wavefunction in all degrees of freedom. A perfect single-photon source is characterized by: g (2) (0) = 0, B = 1, I
(1) = 1 and I (2) = 1. Recently, steady progress has been made for singlephoton sources with near ideal single photon statistic [5, 7] . The main remaining factor that limits the indistinguishability is the mixing of temporal-spectral optical modes, because of numerous additional undesired physical processes (see review [8] ) in most single-photon emitters such as defects in the solid state [9] . To circumvent this issue, one solution is to filter the photons after emission. However, passive intensity filtering only achieves I (1) , I (2) → 1 in the limit of B → 0 [10] because the noise spectrum is not intensity-orthogonal to the signal. In this paper, we propose a coherent filter, a quantum buffer, which can increase both I (1) and I (2) to unity whilst minimizing the decrease in brightness. The basic princi- * dylan.saunders@physics.ox.ac.uk, ian.walmsley@physics.ox.ac.uk Two single-photon sources emit photons that are incoherently mixed (I (1) < 1) and in different temporal-spectral modes (I (2) < 1). After filtering with the quantum buffers (QB), the main mode and the residual modes are separated by a short programmable delay T buf f , pure (I (1) = 1) and identical photons (I (2) = 1) are recalled by filtering out the residual noisy modes.
ple of how a quantum buffer increases indistinguishability is shown in Fig. 1 . A buffer is placed after each singlephoton source to delay a user-specified temporal-spectral wavepacket, or temporal-mode [11] . The output of all buffers will be pure (I (1) = 1) and identical (I (2) = 1). The brightness is optimal if we delay the dominant mode and filter away only the the unwanted residual modes. In order to investigate the feasibility of our scheme, we perform a proof-of-principle experiment that is well matched to state-of-art quantum dot single-photon sources [12] .
To begin, we consider the state ρ which represents the temporal-spectral degrees of freedom of an imperfect single-photon source. Quantum buffering works by coherently filtering out the largest eigenmode |ψ 0 of ρ, where we decompose ρ = α k |ψ k ψ k |, with eigenvalues α k and eigenmodes |ψ k [13] . All the other eigenmodes of the emitted photon are not absorbed by the quantum buffer and are separated in time from the dominant mode and can be removed. As a result, the output of our quantum buffer will be in a temporal-spectral pure state, ρ out = |φ φ|. If all the other degrees of freedom of the emission are identical and the second-order correlation function g 2 (0) of the buffered photons remains at 0, I
(1) = 1 would be achieved. An ideal quantum buffer selects the dominant eigenmode with unit efficiency, and therefore the brightness will decrease by the largest eigenvalue, B out = α 0 B 0 , where B 0 is the brightness of the single-photon source before the quantum buffer. Since different sources may have different dominant temporal modes |ψ 0 , the filtered mode will differ from source to source. An ideal quantum buffer will unify these modes, producing the same output mode |φ for every singlephoton source, making both I (1) and I (2) unity.
Devices that can select particular temporal modes have been demonstrated previously [14] [15] [16] [17] [18] . However, their bandwidth is limited due to phase-matching constraints and is not matched to leading solid-state single photon sources and careful engineering of the underlying nonlinear process is required to suppress spurious noise processes and render noise levels quantum compatible. To construct a noise-free broadband quantum buffer we implement an Off-Resonant-CascadedAbsorption (ORCA) buffer; closely related to our recent demonstration of a noise-free ORCA memory in warm caesium (Cs) vapour [19] . The ORCA protocol is based on reversible coherent off-resonant two-photon absorption. Here in our current experiment, the control field is off-resonantly applied to the D-line (S 1/2 → P 3/2 ) resonance whereas the signal is applied to the P 3/2 → D 5/2 (Fig. 2b) . This is the reverse configuration of the original ORCA memory. This provides access to a larger range of operating wavelengths, (see Fig. 2b ). Of particular interest are the 917 and 921nm transitions in Cs that are well matched to many state-of-the-art quantum dots (QDs) single-photon sources, e.g. [5] . In this configuration, an input state, such as a QD-emitted photon, is stored into an atomic coherence shared between the ground and doubly-excited state, mediated by a strong control field. This atomic coherence is then reversibly read-out of the buffer on-demond back into an optical signal by application of a second control field after a short buffering time. We verify that the equations of motion of the new ORCA buffer are the same as that of the ORCA memory (see supplementary materials II [6] ), suggesting that all the benefits of the ORCA protocol remain, including broadband and zero-noise operation. The bandwidth of the ORCA buffer is set by the bandwidth of the control field, and can easily accommodate the GHz bandwidth of many single-photon sources [5] . To pinpoint the exact frequency, we can adjust the detuning of the control field, such that the two-photon resonance condition matches the source emission.
To demonstrate the compatibility of the ORCA buffer with single-photon sources we implement a proof-ofprinciple experiment showing that we can selectively store a specific temporal mode and retrieve it with no added noise using weak-coherent states. A 852 nm control field is produced from a 1.5 GHz bandwidth mode- [6] . square dots with error bars are experimental data. We show total efficiency for different read-in control powers in the lower figure: blue for 700pJ and red for 1310pJ.
locked Ti:Sapphire laser, while a signal pulse is generated using a second 1.5 GHz bandwidth Ti:saph laser, synchronized to the first by means of Spectra Physics Lok-toClock R electronics. The large wavelength mismatch between signal and control allows for simple filtering of the control field using dichroic interference filters. The experimental layout is shown in Fig. 2a . Our ORCA buffer is implemented in a vapour cell with Cs heated to ∼ 101
• C. The signal and control overlap in the cell, are focused to a diameter of 210 µm, and are counter-propagating to reduce Doppler dephasing [19] . The control and signal are tuned 7.5 GHz off resonance with the intermediate state, reducing linear absorption. With a Gaussian shaped control pulse and a buffer delay of 5.5 ns, we observe total efficiencies η out ∼10%, and noise-free performance with µ 1 < 10 −4 (where µ 1 = noise/efficiency is a common measure of such performance [20] ). The small amount of residual noise is comparable with observed detector dark count rates confirming that our Cs ORCA buffer will not affect the g (2) (0) of any stored light, as observed in our ORCA memory [19] .
We measured the memory performance as a function of read-in and read-out control field powers, and developed a model that gives good agreement with the data, as seen Fig 2c (see supplementary materials III [6] ). The roll over of efficiency is due to secondary read-out and read-in of the signal during retreival, and this process is an interplay of many parameters such as control pulse power, number density of the vapour and the cell length. By factoring out Doppler dephasing [21] , which is avoided at the very short memory times required for quantum buffering we predict a maximum efficiency for our current experiment of 34%, which is limited by current control pulse power.
Using our theoretical model, we now numerically predict the filtering performance of our current Cs ORCA buffer implementation for filtering solid-state singlephoton source emission. The indistinguishability and the brightness are both determined by the singlemodeness of our ORCA buffer. To explore this, we consider the linear map of the input optical mode to the output optical mode, as described by the Green's function (see supplementary materials II [6] :
A singular value decomposition (SVD) of the Green's function (G(t, t ) = k λ k |ϕ k u k |) will give a series of orthogonal input signal modes |u k mapping to orthogonal output |ϕ k with a buffer efficiency equal to the square of the corresponding singular value λ k . A single mode memory is a memory with only one non-zero λ k , meaning that there is only one input mode |u 0 that can interact with the ORCA buffer. We can engineer the ORCA buffer such that |u 0 matches the dominant mode |ψ 0 of the single-photon source emission ρ by shaping the temporal mode of the control-field. The brightness will then be: B out = B 0 α 0 |λ 0 | 2 , where B 0 is the brightness of the photon source prior to our quantum buffer and α 0 is the fraction of the dominant mode of the source emission.
For our ORCA buffer, the device becomes multimode due to the choices of several parameters, such as the length of the atomic medium, the detuning, the control field the temporal shape and its energy [22] . The output of an ORCA buffer is a mixture of different modes described by the density matrix
where |v k (t) = G(t, t )|ψ k (t ) dt is the output for input mode |ψ k , ξ k is the buffer efficiency for the optical mode |ψ k → |v k and W = k ξ k α k is the normalization constant. The brightness after the buffer is B = W ; the indistinguishability of the output photon will be I out = 1/K out = T r[ρ 2 out ] where K is the Schmidt number [23] .
To investigate the applicability of our buffer we turn our attention to its application to GHz bandwidth quantum dot emission [5, 24] . Semiconductor quantum dots are a leading single-photon source candidate, with unprecedented brightness and very low g (2) (0) [7, [25] [26] [27] [28] . However, QDs (and some other solid-state sources [9] ) suffer from fundamental local environmental fluctuations fast enough to contribute to pure dephasing, which limit the indistinguishability, I
(1) < 1 even at 0 K [29, 30] . To suppress these dynamics as well as to direct the emission, QDs are typically embedded in waveguides [31, 32] or micro cavities [12, 33] . However, there is a tradeoff between brightness and indistinguishability [34] . Our quantum buffer is well suited to solve these issues as it is bandwidth and wavelength matched, and can also operate at the required high repetition rates as it has no need for timely state preparation.
We start by considering a single photon emitted by a QD. Its temporal-spectrum mode is described by a twocolour spectrum C(ω, µ) ω0,t0 = E + (ω)E(µ) ω0,t0 where E + and E are the creation and annihilation operators of the electric field. ω 0 and t 0 are the central frequency and the emission time. This two-colour spectrum has only pure dephasing dynamics which sets the ultimate fundamental limit of indistinguishability of QD emission [34] [35] [36] [37] . The emission further decoheres due to frequency diffusion [38] [39] [40] [41] and temporal jitter which are induced by both the host material and excitation scheme. The general form of the two-colour spectrum of the emitted photons will be
where p(t 0 , ω 0 ) is a probability distribution capturing such inhomogeneous broadening. The photon density matrix in frequency representation is the normalized twocolor spectrum in matrix form ρ ωµ = c(ω, µ). Unit indistinguishability is only possible if ρ represents a pure state (see supplementary materials IV [6] ). To demonstrate coherent filtering using the ORCA buffer we consider a few examples. We simulate a state-of-the-art off-resonantly excited QD with a selfindistinguishability of I
(1) ≈ 0.7 (similar to QD3 in Ref. [12] ), and predict the improvement with our Cs ORCA buffer using the same parameters as our experiments described before using pulsed weak coherent light. Here the distinguishability is mainly caused by the timing jitter introduced by off-resonant pumping scheme. Figure  4 shows the expected filtering performance. We predict an increase of the indistinguishability to I (1) out ≈ 0.98, with a brightness of B out = 0.4B 0 ≈ 0.29, where B 0 = 0.72 is the initial brightness of the QD. This predicted performance already matches the best resonantly pumped QDs (e.g. QD4 in reference [12] ). To improve performance even further, we numerically optimize the shape and energy of both the read-in and read-out control pulse. The brightness and self-indistinguishability after buffering then is: I An important measure of the buffer performance is whether it can do better in preparing pure single pho-
FIG. 3: Simulation of comparison of purification effect
by intensity filtering (shaded area). We plot the brightness B normalized by the initial brightness B 0 , against the self-indistinguishability. I 0 is the initial self-indistinguishability. Dashed-line is I
(1) = I 0 + q(1 − I 0 ) and q is a fraction number indicating the improvement of I (1) . The shaded region is the possible performance of intensity filtering. The triangles indicate ORCA buffer filtering with Gaussian temporal-mode control pulse for 16 random samples. The squares are ORCA buffer filtering with optimized control pulse shape and energy for the same set. The circles show the performance of an ideal quantum buffer.
tons than passive spectral filtering (i.e. using a timestationary linear filter). We therefore compare our predicted ORCA temporal-spectral filtering against this conventional passive intensity filtering approach [42, 43] for world-leading quantum dots.
To explore this landscape we simulate 16 different QDs with various pure dephasing magnitudes, spectral diffusion and timing jitter (see supplementary material IV [6] for parameters details). The performance of passive intensity filtering is shown in Fig.3 , where unit indistinguishability can only be achieved in the limit that the brightness goes to zero. This is because the modes of the QD all overlap spectrally and temporally. Therefore only by a careful choice of spectral passband center and infinitely narrow passband is it possible to discriminate between them. The upper-bound of the intensity filter region is found by calculating 100 QDs with various noise dynamics (see supplementary material V [6] for details about intensity filter model). We also plot the predicted performance of our experimental demonstration of the ORCA buffer system, both with and without control-pulse shape optimization; both outperforming passive filtering. An ideal filter would have I
(1) = 1, and B = B 0 α 0 . We have shown that the equations of motion for the ORCA buffer allow for unit memory efficiencies, with K = 1 [22] , which with proper mode matching can optimally filter QD emission. To improve the predicted performance closer to an ideal quantum buffer additional numerical optimizations are required, for example adjusting the interaction length and temperature, (2) (a.u.) (2) FIG . or implementing our ORCA buffer in a low-finesse cavity [44] . Besides improving self-indistinguishability I (1) , our quantum buffer can also convert the output temporalspectral mode of our buffer (by changing the shape of the read-out control field) to make remote QD emissions identical. We demonstrate this capability numerically by modeling two distinct QD emissions with the same central frequency. They start with a interindistinguishability of I (2) = 0.62, as in Fig 4. We then simulate two ORCA buffers, one interacting with each QD. By selecting the largest eigenmode of each QD photons in their respective ORCA buffers, and then recalling them with appropriately adjusted control pulses we increase the inter-indistinguishability to I (2) = 0.96 by reading the stored excitations out into nearly identical modes. In most cases QDs are also distinguishable in their central emission frequency. In the above simulations, we keep the central frequencies the same for the two dots. Nevertheless, it is possible, using ORCA, to adjust the readout frequency of the stored excitation as compared to the input. Our simulations show that we can implement frequency conversion up to 1nm without significant drop in efficiency (see supplementary material VI [6] ), whilst also implementing coherent temporalmode filtering and conversion in a single device.
In conclusion, we have introduced a quantum buffer to optimally filter solid state single-photon emission in order to circumvent the distinguishability between generated photons due to temporal-spectral mode mixing (I (1) < 1) and source-dependent mode mismatch (I (2) < 1). As an example, we experimentally demonstrated the key performance criteria for a quantum buffer for QDs in Cs vapour. Our noise-free Cs ORCA buffer is compati-ble in wavelengths and bandwidths with InGaAs QDs, and will enable different QD emission from remote samples to be quantum buffered into pure and identical single-photon sources with no increase in g (2) (0). The ideas presented here are applicable to any noisy optical state and any photon-source. Importantly, the roomtemperature quantum buffer circumvents the limitations of passive frequency filtering, and provides a new route to produce identical single photons from imperfect singlephoton sources.
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